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Background: We monitored photosystem II (PSII) protein lifetimes with or without small Cab-like proteins (SCPs) by **N

labeling and mass spectrometry.

Results: Without SCPs, nascent PSII complexes were destabilized, and early chlorophyll precursors were reduced.
Conclusion: SCPs play a major role in chlorophyll biosynthesis and nascent PSII stabilization.
Significance: Proteins temporarily associated with a protein complex may affect biosynthesis of the complex and cofactors.

To gain insight in the lifetimes of photosystem II (PSII) chlo-
rophyll and proteins, a combined stable isotope labeling (**N)/
mass spectrometry method was used to follow both old and new
pigments and proteins. Photosystem I-less Synechocystis cells
were grown to exponential or post-exponential phase and then
diluted in BG-11 medium with [**N]ammonium and [**N]ni-
trate. PSII was isolated, and the masses of PSII protein frag-
ments and chlorophyll were determined. Lifetimes of PSII com-
ponents ranged from 1.5 to 40 h, implying that at least some of
the proteins and chlorophyll turned over independently from
each other. Also, a significant amount of nascent PSII compo-
nents accumulated in thylakoids when cells were in post-expo-
nential growth phase. In a mutant lacking small Cab-like pro-
teins (SCPs), most PSII protein lifetimes were unaffected, but
the lifetime of chlorophyll and the amount of nascent PSII
components that accumulated were decreased. In the absence
of SCPs, one of the PSII biosynthesis intermediates, the
monomeric PSII complex without CP43, was missing. There-
fore, SCPs may stabilize nascent PSII protein complexes.
Moreover, upon SCP deletion, the rate of chlorophyll synthe-
sis and the accumulation of early tetrapyrrole precursors
were drastically reduced. When ['*N]aminolevulinic acid
(ALA) was supplemented to '>N-BG-11 cultures, the mutant
lacking SCPs incorporated much more exogenous ALA into
chlorophyll than the control demonstrating that ALA biosyn-
thesis was impaired in the absence of SCPs. This illustrates
the major effects that nonstoichiometric PSII components
such as SCPs have on intermediates and assembly but not on
the lifetime of PSII proteins.
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Cyanobacteria, algae, and plants can use sunlight and water
to carry out oxygenic photosynthesis. In these organisms, linear
photosynthetic electron transfer is catalyzed by the thylakoid-
embedded protein complexes photosystem II (PSII),> cyto-
chrome bf, and photosystem I (PSI). Linear electron transfer
provides electrons to NADP producing NADPH and transfers
protons across the thylakoid membrane leading to a proton
gradient that is used for ATP synthesis. NADPH and ATP can
be used for carbon fixation producing organic compounds.
These organic compounds, along with oxygen produced in
water splitting in PSII, enable heterotrophic, aerobic life on
Earth.

The photosystems are multiprotein subunits that noncova-
lently bind different cofactors, including chlorophyll 4, carote-
noids, quinones, lipids, and several inorganic ions. During pho-
tosynthesis, components of PSII complexes turn over rapidly, at
least in comparison with PSI complexes (1, 2). Of the proteins in
the PSII complex, the PsbA (D1) protein turns over most rap-
idly in the light (3, 4). This rapid turnover presumably is due to
redox chemistry at the water-splitting complex and/or to reac-
tive oxygen species that are generated from oxygen reacting
with the triplet state chlorophyll formed upon charge recombi-
nation between the primary donor P680™ and the primary
acceptor pheophytin (Phe)™ (5-7). According to pulse-chase
experiments, the D1 protein has a half-time of 30 min to 1 h
under intense illumination (8). However, the other PSII com-
ponents appear to have a much lower turnover rate. For exam-
ple, the half-time of the PsbB (CP47) protein was estimated to
be about 12 h (9, 10), and the lifetime of total chlorophyll in
Synechocystis cells was over a week (11). If this vast disparity in
the lifetime of PSII components indeed is true, then careful
orchestration of the synthesis, assembly, and repair of photo-
synthetic complexes required as free chlorophyll in the cell
would be harmful in the light and in the presence of oxygen and

3 The abbreviations used are: PSIl, photosystem II; PSI, photosystem I; SCP,
small Cab-like protein; ALA, aminolevulinic acid; TES, N-tris(hydroxy-
methyl)-2-aminoethanesulfonic acid; Chl, chlorophyll; BN, Blue Native.
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as PSII polypeptides that are not incorporated in a complex may
not be stable in the membrane (12-14).

In the cyanobacterium Synechocystis sp. PCC 6803, there are
five small Cab-like proteins (ScpA-E), which are single helix
membrane proteins that are located in the thylakoid membrane
(15). The presence of the CAB (chlorophyll a/b-binding) motif
in SCPs suggests that SCPs bind chlorophyll molecules at
motifs similar to those of LHCII in plants (16 —19). SCPs appear
to play an important role in early stages of tetrapyrrole biosyn-
thesis and may regulate chlorophyll availability (20). However,
unlike CAB proteins that are associated with functional PSII in
plants and are involved in light harvesting and nonphotochemi-
cal quenching, at least two of the SCPs (ScpC and ScpD) have
been found to be associated with damaged and/or nascent PSII
complexes (21). One SCP (ScpA) is fused with ferrochelatase,
suggesting a regulatory role in tetrapyrrole biosynthesis (22).
Furthermore, SCPs may prevent the formation of reactive oxy-
gen species by serving as transient carriers of chlorophyll (23),
and SCPs appear to be involved in PSII re-assembly and/or
repair processes by temporarily binding chlorophyll, whereas
PSII protein components are being replaced (18).

Here, we expand on the role of SCPs and show that they
stabilize nascent PSII complexes and increase the presence of
early chlorophyll biosynthesis precursors in the cell. Stable iso-
tope labeling and mass spectroscopy allow for a detailed analy-
sis of lifetimes of components of the PSII complex and illustrate
that although different components degrade at different rates,
degradation of only chlorophyll and to some degree D1 is sig-
nificantly affected by SCPs.

EXPERIMENTAL PROCEDURES

Growth Conditions—Synechocystis sp. PCC 6803 strains,
which included the PSI-less (ApsaAB) (24), PSI-less/SCP-less
(scpABCDE™) (20, 23), CP47-His PSl-less (carrying a His tag at
the C terminus of the CP47 (PsbB) protein) (see mutant con-
struction), and CP47-His PSI-less/SCP-less strains, were culti-
vated at 30 °C in BG-11 medium (25) with 5 mm glucose and
buffered with 10 mm TES-NaOH (pH 8.0). Because of the light
sensitivity of PSI-less strains, cells were cultured at a light inten-
sity of 4 umol photons m ™~ 25~ *. Cell growth was monitored by
measuring the optical density at 730 nm in a 1-cm cuvette using
a Shimadzu UV-160 spectrophotometer.

Mutant Construction—To generate strains with His-tagged
PsbB (CP47), a pUC19-pshB-His-gentamycin (Gm)® plasmid
was constructed. A DNA region upstream of the His, tag,
including part of the psbB gene from the HT-3 strain (26) and a
DNA region of wild-type Synechocystis downstream of the psbB
gene stop codon, were amplified by PCR with artificially gener-
ated restriction sites for EcoRI right after the stop codon of
psbB. These two PCR fragments were digested with EcoRI and
ligated. The ligated DNA fragment containing natural Kpnl
sites at both ends was cloned into the Kpnl site of the pUC19
plasmid. The Gm® gene from the pHP45-Gm" plasmid was
introduced into this plasmid by using the EcoRI restriction site.
The plasmid was introduced into the PSI-less and PSI-less/
SCP-less strains to create the CP47-His PSI-less and CP47-His
PSI-less/SCP-less strains. Insertion of the psbB-His gene at the
desired location, replacing the native psbB gene, was confirmed
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by DNA sequencing, and segregation of the mutant genome in
Synechocystis was confirmed by PCR.

Isotope Labeling and Isolation of His-tagged Complexes—
CP47-His PSI-less cultures were grown to OD.,,, ~0.65 (expo-
nential phase) or 0.9 (post-exponential phase) and were diluted
4-fold in BG-11 medium containing 4.5 mm Na'’NO, and 2 mm
'>NH,CL. Cell samples were collected at 1, 3, 9, 24, and 48 h after
the dilution. Cell pellets were resuspended in Buffer A (50 mm
MES-NaOH (pH 6.0), 10 mm MgCl,, and 25% glycerol), and
broken by Bead Beater (BioSpec Products, Bartlesville, OK).
Cell homogenates were prepared as described (26). The cell
homogenate (at 0.2 mg/ml chlorophyll) was brought to 1%
B-dodecyl maltoside and incubated for 35 min at 4 °C and
centrifuged. The supernatant was then loaded on an affinity
column with 3 ml of nickel-nitrilotriacetic acid-agarose
(Qiagen). The column was washed with 10 bed volumes of
Buffer A containing 0.04% B-dodecyl maltoside and 10 mm
imidazole. CP47-His and its associated proteins were eluted
with 0.04% B-dodecyl maltoside and 100 mMm imidazole in
Buffer A. The eluted samples were precipitated with an equal
volume of 50 mm MES-NaOH and 25% PEG 6000 (pH 6.0)
and centrifuged. Isolated CP47-His complex samples were
resuspended in Buffer A with 0.04% B-dodecyl maltoside.
The oxygen evolution yield of the preparations was about
1250 umol of O, (mg of chlorophyll) ™" h™".

Pigment and Protein Analysis—Isolated CP47-His com-
plexes corresponding to 2 ug of chlorophyll were resuspended
in 10 volumes of ice-cold 100% acetone with 0.1% NH,CI and
then incubated at —80 °C for 2 h and centrifuged. Chlorophyll
from the supernatant was purified by HPLC using a Waters
Spherisorb S100DS2 semi-prep column (250 X 10 mm) eluted
with a water/methanol-acetone gradient, and the mass distri-
bution was determined by MALDI-TOF (11). The pellet, which
contained proteins, was dissolved in SDS sample buffer (86 mm
Tris-HCI (pH 8.0), 2.5% SDS, 20 mwm dithiothreitol, and 0.25 m
sucrose) and loaded on an SDS-12—-20% polyacrylamide gradi-
ent gel containing 7 M urea (27). The gel was stained with 0.15%
Coomassie Brilliant Blue R-250 in a solution of 50% methanol
and 10% acetic acid. In-gel digestion to produce peptides for
analysis by mass spectrometry (LC-MS/MS) was carried out
essentially as described (28) using sequencing-grade modified
trypsin (Promega/SDS Bioscience). For Blue Native (BN) two-
dimensional gels, isolated CP47-His complex samples corre-
sponding to 2 ug of chlorophyll were loaded. BN-PAGE was
performed on a 5-14% polyacrylamide gradient gel as
described (29). For separation of proteins in the second dimen-
sion, the lanes of the BN gel were excised and incubated with 25
mwm Tris-HCI (pH 7.5) containing 1% SDS (v/v) for 30 min at
room temperature. The lanes were then layered onto 1.5-mm-
thick SDS-polyacrylamide gels. SDS-PAGE and gel staining
were performed as described above.

Peptides in trypsin digests were separated using a Dionex
Ultimate 3000 liquid chromatography system equipped with
both a HPG 3400 M high pressure gradient pump and an LPG
3400 MB low pressure gradient pump together with a
WPS3000TB autosampler and an FLM 3100B column com-
partment. Solvents used for peptide chromatography were X,
water with 0.1% formic acid, and Y, acetonitrile with 0.1% for-
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mic acid. The LPG 3400 MB pump supplied 5% Y and 95% X at
a constant flow rate of 5 wl/min and was used to load 3 ul of
trypsin-digested samples onto a Dionex Acclaim PepMap 100
C18, 5 um, precolumn cartridge (300 wm inner diameter X 5
mm length). Sample loading proceeded for 6 min, after which a
valve in the column compartment placed the precolumn car-
tridge in line with a Dionex Acclaim PepMap 100 C18, 3-um cap-
illary column (75 wm inner diameter X 15 cm length) operated at
a flow rate of 300 nl/min. Tryptic peptides were then separated
using the following linear gradient: 0—4 min, 5% Y; 4—11.5 min,
5-20% Y; 11.5-51.5 min, 20-50% Y; 51.5-59 min, 50—-65% Y;
59—-69 min, 65-95% Y; 69 —72 min, 95% Y; 72—74 min, 95to 5% Y,
with the remainder at each time being solvent X.

Peptides eluting from the column were analyzed using a
Bruker MicroTOF-Q mass spectrometer equipped with an on-
line nanospray source. Calibration was performed prior to run-
ning the first sample using sodium iodide clusters sprayed from
a 200 uM solution in acetone. The inlet capillary of the mass
spectrometer was set at —1500 V relative to the spray needle,
and nitrogen drying gas was supplied at 180 °C and a flow rate of
3 liters/min. Spectra were acquired over an m/z range of
50-1800. Automatic MS/MS analysis with argon as the colli-
sion gas occurred at peak intensities greater than 2000 counts,
with doubly charged precursors preferred. Collision energy set-
tings for doubly charged ions were 16 eV at m/z = 350, 28 eV at
m/z = 800, and 44 eV at m/z = 1200 and beyond. Collision
energy settings for triply charged ions were 14 eV at m/z = 350,
24 eV at m/z = 800, and 45 eV at m/z = 1200 or greater. Data
were acquired with a digitizer rate of 2 GHz with a spectra
summation rate of 2 Hz. After summation of two spectra,
acquisition of MS/MS spectra on each precursor was excluded
for 1 min.

Data analysis, including deconvolution, was performed using
Bruker Data Analysis 3.4 or 4.0 software and compound mass
lists exported to Biotools 3.1 as Mascot Generic (mgf) files. Peak
lists were then submitted on line to the Matrix Science website
to search databases for peptide identification using the Mascot
search engine. The Mascot search engine was only able to rec-
ognize unlabeled peptides for correct protein identification.
For the samples with very little remaining unlabeled peptides
that were not picked up by Bruker Data Analysis, we used the
LC elution time to track the peptides.

The percentage of unlabeled protein remaining as a function
of time was corrected for growth of the culture (OD, ) during
the time of labeling to be able to compare all data to those at
time 0. For example, if cells doubled every 24 h and unlabeled
protein at 24 h was 30% of the total intensity for that protein
fragment (the remaining 70% of the protein being labeled), the
% of unlabeled protein (relative to the amount at time 0) was
entered as 2 X 30% = 60% in Figs. 3 and 4. The percentage of
unlabeled proteins came from the average of several peptides of
the whole proteins that were identified by the Mascot search
engine except for the PsbF protein, for which only one peptide
was detected.

Chlorophyll Synthesis upon Illumination—PSI-less/chIL™
and PSI-less/SCP-less/chlL™ strains were grown in regular
BG-11 medium with 5 mm glucose and 10 mm TES/NaOH (pH
8.0) in darkness for a week (30). Subsequently, cells were diluted
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4-fold in BG-11 medium with 5 mm glucose and 10 mm TES/
NaOH (pH 8.0) and also containing 4.5 mm Na'’NO, and 2 mm
'SNH,CI. Cells were then exposed to continuous illumination
at an intensity of 4 uwmol photons m~> s~ '. Culture samples
were collected after 1, 3, 6, 9, 12, and 24 h. Pigments were
extracted from the cells with 100% methanol. Chlorophyll was
purified by HPLC and analyzed by MALDI-TOF.

Oxygen Evolution—Oxygen evolution measurements were
performed on intact cells at 30 °C using a Clark-type electrode
(Hansatech, Cambridge, UK). Electron acceptors were 2.0 mm
K;Fe(CN)y and 0.4 mwm 2,5-dimethyl-p-benzoquinone. The
light intensity (after filtering through a water filter and a filter
transmitting >550 nm light) was saturating (2500 wmol pho-
tonsm 2sY).

Fluorescence Spectroscopy—Fluorescence emission spectra
of intact cells were measured at 77 K using a SPEX Fluorolog 2
instrument (SPEX Industries, Edison, NJ). Measurements were
carried out with excitation and emission slit widths of 1 and
0.25 mm, respectively, which correspond to bandwidths of 4
and 1 nm. The excitation wavelength was 435 nm.

Aminolevulinic Acid (ALA) Supplementation—PSI-less and
PSI-less/SCP-less strains were propagated for 2 weeks in >N-
BG-11 medium lacking unlabeled nitrate but containing 9 mm
Na'°NO,, 10 mm TES-NaOH (pH 8.0), and 5 mm glucose. As
needed, cell cultures were diluted from OD.;, = 0.9 to an
OD,, of about 0.3 with fresh '>’N-BG-11 medium. After 2
weeks, 4 mM ALA (**N) was added to the culture. After cells
were grown for an additional 24 h, pigments were extracted
from the cells with 100% methanol. Chlorophyll was purified by
HPLC and analyzed by MALDI-TOF.

RESULTS

Identification of PSII Components—To determine the life-
time of PSII components, CP47-His PSI-less Synechocystis cells
were grown in the presence of '>’NOj3 and "NHj for a specific
time period. After harvesting and breaking the cells, the total
membrane fraction was solubilized using -dodecyl maltoside,
and PSII complexes were isolated via nickel column chroma-
tography. Subsequently, PSII proteins were separated by SDS-
PAGE and analyzed by LC-MS/MS mass spectrometry. The
PsbA (D1), PsbB (CP47), PsbC (CP43), PsbD (D2), PsbE and
PsbF (cytochrome b.,,), PsbH, PsbO, and Psb27 proteins were
identified in the gel (Fig. 1), and their identity was confirmed by
mass spectrometry analysis. Mascot scores for PSII proteins are
indicated in Table 1. More detail on MS/MS analysis of individ-
ual tryptic fragments of PSII proteins is provided in supplemen-
tal Table 1. All proteins were identified reliably, but the score
for PsbF was rather low as only a single peptide was identified
for this component. In addition, SIr0909, a protein of unknown
function whose gene is located 3.5 kbp downstream of the psbB
gene in the Synechocystis genome, and the translation elonga-
tion factor Tu (S111099) were identified in the fraction purified
on the nickel column. The pattern of proteins co-isolating with
the His-tagged CP47 was identical in the PSI-less strain and the
PSI-less/SCP-less strain (Fig. 1).

PSII Dynamics—When using a stable isotope ('°N) rather
than traditional pulse-chase labeling with a radiolabeled tracer,
both old (unlabeled) and new (labeled) peptides can be moni-
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tored at the same time using mass spectrometry. In Fig. 2, an
example of the analysis is shown for D1 and CP43 peptides.
MS/MS spectra are presented in supplemental Fig. 1. In Fig. 24,
the peptides are from close to the N terminus (residues 65— 85
of D1, unlabeled base mass of 2057; and 123-139 of CP43, unla-
beled base mass of 2052). These masses increase to 2080 and
2071, respectively, if these peptides are fully '*N-labeled. Fig.
2A shows LC-MS mass spectra of the D1 peptide after 1 h of '°N
labeling and of the CP43 peptide after 9 h of labeling. The group
of peaks on the left side of the spectra represents old peptides
(unlabeled); slightly heavier molecules are due to natural abun-
dance of isotopes. The group of peaks to the right side of the
spectra consists of newly synthesized peptides (fully and par-
tially '>N-labeled). The m/z values are half the theoretical mass
due to the double charge of the peptide: (M + 2H)*". The
spectra of these peptides at the 0-h labeling time (Fig. 2, insets)
show a distribution of peaks contributed mainly by the natural
abundance of **C. The distinction between peaks with N label
and isotope peaks due to natural isotope abundance is clear
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FIGURE 1. Coomassie Brilliant Blue-stained SDS-polyacrylamide gel of
components co-isolating with CP47-His-purified via nickel affinity chro-
matography. A, fraction from PSl-less cells obtained during the washing step
(0.04% B-dodecyl maltoside and 10 mm imidazole in Buffer A). B, protein lad-
der. C and D, fractions from PSl-less cells (C) and PSI-less/SCP-less cells (D)
obtained in the elution step (0.04% B-dodecyl maltoside and 100 mm imida-
zole in Buffer A). Proteins were identified by LC-MS/MS. TEF (translation elon-
gation factor-Tu, SI11099) and SIr0909 co-purified with the PSII proteins.

TABLE 1

(Fig. 2). By comparing the summed amplitudes of the peaks of
old versus new peptides, the ratio between the two can be deter-
mined. The N-terminal peptide of the D1 protein had only 46%
unlabeled peptides left after 1 h of '°N labeling, indicating rapid
turnover of this protein even at low light intensity (4 wmol
photons m™2 s~ ') (Fig. 2A4). In contrast, CP43 peptides still
were 59% unlabeled after 9 h of '°N labeling (Fig. 24).

Ribosome pausing has been postulated to occur upon trans-
lation of psbA message (31). If so, then the labeling rate of a
C-terminal region of the D1 protein is expected to have a delay
relative to that of the N-terminal region. To test whether sig-
nificant ribosome pausing occurs that would delay the labeling
of C-terminal regions of the D1 protein, the labeling of a D1
peptide near the C terminus (Fig. 2B) was compared with that
shown in Fig. 2A. After 1 h of labeling, the amount of labeled D1
near the C terminus was 52%, whereas it was 54% near the N
terminus. This suggests that if ribosome pausing occurs, it is no
more than a couple of minutes. A similar observation was made
for labeling of a CP43 peptide near the C terminus; after 9 h, the
amount of labeling (41%) was identical for a peptide near the C
terminus versus near the N terminus (Fig. 2).

Labeling of the PSII proteins as well as chlorophyll was fol-
lowed over time (Fig. 3). The cell number increased during the
'5N-labeling period, and therefore, the total amount of PSII
proteins increased as well. What is indicated in Fig. 3A is the
amount of remaining unlabeled protein in the cells over the
labeling period relative to the amount of unlabeled protein at
time 0. Interestingly, the amount of unlabeled material initially
increased in the first 6 =9 h for many of the PSII proteins (except
PsbA and PsbD) as well as for chlorophyll. This increase in the
amount of unlabeled protein largely was absent in the PSI-less/
SCP-less strain (Fig. 3B). The half-lives of PSII components
were determined by monitoring the disappearance of old (unla-
beled) peptides in the time period between 9 and 48 h after the
start of labeling, whereas for PsbA and PsbD the time range
starting at time 0 h was used (Table 2). Table 2 shows that the
half-life time of most PSII proteins is independent of the pres-
ence of SCPs and that the various PSII proteins have greatly
different lifetimes. The half-life of the D1 protein was 1.5 h in
the PSI-less strain, and the D2 protein was 5-fold more stable
with a half-time of 7.5 h. The CP47 and CP43 proteins and the
PsbH protein that participates in the binding of chlorophyll
together with CP47 (32) are about 2-fold more stable than D2,
with half-times of 13—15 h. The cytochrome b, proteins (PsbE
and PsbF proteins), which are the anchor proteins for PSII (33),
are the most stable intrinsic PSII proteins with half-times of
about a day. The two luminal proteins, PsbO and Psb27, have
lifetimes similar to that of some of the slower degrading integral
membrane proteins. PsbO, the manganese-stabilizing protein
in the oxygen-evolving complex, has a particularly long half-life

Average Mascot scores of mass spectrometric identification of tryptic peptides of PSIlI proteins

The average Mascot score for each protein was calculated from the individual Mascot scores of each sample collected within 9 h of the start of "N labeling for all proteins
except the PsbA protein; for PsbA, only samples collected within 3 h of **N labeling were used. Longer labeling times had insufficient unlabeled peptides that are used for
determining the Mascot score.

PsbD
382 = 131

PsbE
191 = 45

PsbF
40 £ 14

PsbH
72 = 28

Psb27
169 * 87

PsbA
245 = 93

PsbB
689 £ 222

PsbC
540 = 152

PsbO
330 = 114

Protein

Average Mascot score
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A (1) Peptide sequence of D1: EPVAGSLLYGNNIISGAVVPS Peptide Mass (unlabeled): 2057 Da/ Full *N-labeled Mass: 2080 Da
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FIGURE 2.LC-MS/MS spectra of peptides from near the N terminus (A) and C terminus (B) of PsbA (D1) that was '>N-labeled for 1 h (panel 7) and of PsbC
(CP43) that was "*N-labeled for 9 h (panel 2) in PSl-less cells. The insets show controls that were labeled for 0 h. All peptides were detected as doubly charged
(z = 2) molecules.
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FIGURE 3. Turnover of PSIl components from PSl-less (A) and PSl-less/
SCP-less (B) cells that were harvested in post-exponential growth phase
(0OD,3,~ 0.9). The amount of unlabeled proteins and chlorophyll in these
strains was followed during a 48-h period after the start of '*N labeling. 100%
indicates the amount present at the start of labeling. PsbA, ¢ with solid line;
PsbB, ¢ with solid line; PsbC, A with solid line; PsbD, [ with solid line; PsbE, O
with solid line; PsbF, X with solid line; PsbH, @ with dashed line; PsbO, A with
dashed line; Psb27, B with dashed line; and chlorophyll (Chl),: X with dashed
line. Numbers on the y axis represent the percentage of unlabeled proteins/
chlorophyll relative to time 0. Shown are the average results of two indepen-
dent experiments *+ S.D.

(24 -33 h), presumably because it can be dissociated from dam-
aged PSII and reused for repaired/new PSII. The Psb27 protein,
which is an assembly factor mainly associated with CP47 and
CP43 of monomeric PSII and non-oxygen-evolving PSII com-
plexes (34, 35), had a 13-15-h halftime. Interestingly, in the
PSI-less background strain, chlorophyll had a half-life time of
about 40 h, longer than any of the PSII proteins. This illustrates
that chlorophyll is largely reutilized when chlorophyll-binding
proteins turn over.

Absence of SCP has been shown to reduce the lifetime of
chlorophylls (18). Removal of SCPs does not greatly alter the
half-life time of most PSII proteins. In the PSI-less/SCP-less
mutant, the lifetimes of the CP43, PsbE, PsbF, and Psb27 pro-
teins were slightly shorter compared with those in the PSI-less
strain (Table 2), and the PsbO lifetime seemed to have been
affected a little more. However, the biggest effect of the SCP
deletion was on the lifetime of chlorophyll, which was about
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TABLE 2

Comparison of half-life times of PSIl components in PSI-less and PSI-
less/SCP-less strains

The half-life times (in hours) were calculated from the decrease in the percentage of
unlabeled protein correcting for the increase in unlabeled protein that occurred for
the longer lived polypeptides and the chlorophyll, particularly in PSI-less cells in
post-exponential phase (OD,;, ~0.9). Listed are the average results of two to five
independent experiments = S.D.

Half-life time (h)
Strains PSI-less PSI-less/SCP-less

PsbA (D1) 1.5+ 0.5¢ 2.5+ 0.5
PsbB (CP47) 15*1 15+2
PsbC (CP43) 13+1 11*2
PsbD (D2) 75+1 7+05
PsbE 28 £ 2 25*2
PsbF 23 +3 20 =2
PsbH 14*1 151
PsbO 334 24 * 2
Psb27 15+1 13+1
Chlorophyll 40 £ 2 20+ 1

“ In exponential growth phase (OD,3, ~0.65), the half-life time of the D1 protein
is 1 h. This difference is due to a small contribution of unlabeled D1 that is in-
corporated into PSII complexes in cells at higher density (OD.3, ~0.9).

50% shorter relative to that in the PSI-less strain. The fact that
absence of SCPs affects the lifetime of PSII-associated chloro-
phyll more than that of PSII proteins confirms the notion that
SCPs aid in chlorophyll stabilization and recycling upon PSII
degradation and reassembly (18). However, as the chlorophyll
lifetime in the PSI-less/SCP-less strain exceeds that of the main
chlorophyll-binding PSII proteins, CP47 and CP43, some chlo-
rophyll recycling occurs even in the absence of SCPs.

Pool of Nascent PSII Components—As indicated in Fig. 3, in
the PSI-less strain there was a 3—9-h period after the start of
labeling during which the amount of unlabeled PSII proteins
(except D1 and D2) as well as chlorophyll continued to increase.
This cannot be due to a slow incorporation of label into amino
acids as otherwise we should also have observed a significant lag
for the D1 and D2 polypeptides. Our interpretation of the
increase in unlabeled complexes is that there is a significant
amount of PSII proteins and chlorophyll in thylakoid mem-
branes that is not incorporated into mature PSII complexes and
that provides parts for PSII assembly and repair.

To test our interpretation of the increase in unlabeled poly-
peptide being due to a reservoir of unfinished PSII complexes in
the cell, the labeling experiment with PSI-less cells was
repeated with cells from exponential phase (OD,;, ~0.65)
instead of the post-exponential phase (OD.5, ~0.9) as in expo-
nential phase the reservoir may be expected to be smaller due to
a faster de novo PSII biosynthesis (Fig. 4). The lifetimes of the
PSII components were similar to those measured in cells in
post-exponential phase. However, the increase in the amount
of unlabeled protein is much less, and the time over which an
increase is observed is much shorter. These results support our
interpretation and demonstrate that cells in the post-exponen-
tial growth phase tend to accumulate PSII proteins and chloro-
phyll to be ready for later use.

Role of SCPs—As indicated in Fig. 3B, the increase in the
amount of unlabeled PSII protein in cells in the post-exponen-
tial phase is much smaller in the PSI-less/SCP-less strain rela-
tive to in the PSI-less control, whereas the half-life time of the
PSII proteins is not much affected. This is very much compara-
ble with what was shown above for cells in exponential phase.
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FIGURE 4. Turnover of PSIl components from PSl-less cells that were harvested in the exponential growth phase (OD,;,~ 0.65). The amount of
unlabeled proteins and chlorophyll in the strain is followed during a 48-h period after the start of '°N labeling. 100% indicates the amount present at the start
of labeling. PsbA, 4 with solid line; PsbB, ¢ with solid line; PsbC, A with solid line; PsbD, (] with solid line; PsbE, O with solid line; PsbF, X with solid line; PsbH, ®
with dashed line; PsbO, A with dashed line; Psb27, Bwith dashed line; and chlorophyll (Chl), X with dashed line. Numbers on the y axis represent the percentage
of unlabeled proteins/chlorophyll relative to time 0. Shown are the average results of three independent experiments = S.D.

These data suggest that pools of nascent PSII proteins and pro-
tein-bound chlorophyll may be stabilized by SCPs.

To test the interpretation that SCPs are involved with stabi-
lization of nascent PSII complexes and/or intermediates, iso-
lated PSII samples from the PSI-less strain and the PSI-less/
SCP-less strain were run on BN-SDS-PAGE. As indicated in
Fig. 5, the main difference between PSII complexes from the
PSI-less and PSI-less/SCP-less strains was that the RC47(1)
complex, corresponding to the PSII monomer form without the
CP43 protein, was missing in the PSII preparation from the
PSI-less/SCP-less strain. However, the RC47(2) band, corre-
sponding to the RC47 dimer, was present in preparations from
both strains. In PSII biogenesis, RC47 complexes are assembled
from RC complexes (D1, D2, cytochrome b..,, and Psbl pro-
teins) and sub-CP47 complexes (CP47, PsbH, and SCP pro-
teins) (36, 37). SCP association could aid the stability of the
RC47 complex before dimerization occurs. These observations
suggest that our interpretation of SCPs stabilizing intermedi-
ates in formation of the mature PSII complex is reasonable. It
should be noted that the horizontal smear that vertically comi-
grates with CP43 and that is to the right of CP43 incorporated
in PSII complexes actually is not due to CP43. As indicated in
supplemental Fig. 2, this band does not cross-react with CP43
antibodies, although immunoreaction is observed with CP43
itself. The identity of the band to the right of CP43 (Fig. 5) has
not been determined as it is not relevant to this study.

Another role of the SCPs involves chlorophyll binding and
stabilization, and earlier work has shown that deletion of SCPs
in the PSI-less background strain also affects the chlorophyll
content per cell and the accumulation of chlorophyll precur-
sors (20, 23). However, the location of this SCP effect has not yet
been pinpointed. The stability of PSII is not affected by SCPs as
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shown in Table 2. In line with earlier observations (18), we do
not see evidence of SCPs stably binding a large amount of chlo-
rophyll as the oxygen evolution rate in the PSI-less strain was
2480 + 80 wmol of O, (mg of Chl) ™' h™!, whereas in the PSI-
less/SCP-less strain, this rate was 2730 = 180 wmol of O, (mg of
Chl) ' h™'. Thus, the number of PSII reaction centers on a per
chlorophyll basis is similar regardless of the presence of SCPs.

Earlier work had indicated the lack of accumulation of chlo-
rophyll precursors in SCP-less strains (23) suggesting an early
block in chlorophyll biosynthesis in the absence of SCPs. The
!5N-labeling approach provides an opportunity to monitor
the effects of the absence of SCPs in more detail. After growth of
the PSI-less/chiL™ and PSI-less/SCP-less/chlL™ strains in dark-
ness for 5 days, the strains had little chlorophyll left as ChlL is
required for light-independent protochlorophyllide reduction
and chlorophyll synthesis (Fig. 6). After incubation in darkness,
the culture was diluted 4-fold with medium containing 4.5 mm
Na'*NO, and 2 mm '*NH,Cl, and the culture was transferred to
continuous illumination at 4 wmol photons m~ > s~ ', As indi-
cated in Fig. 6, during the first 6 h of illumination, the PSI-less/
chIL™ strain synthesized primarily labeled (**N) chlorophyll
along with some unlabeled (**N) chlorophyll. Unlabeled chlo-
rophyll may have been synthesized in part from accumulated
protochlorophyllide or other available precursors. However, in
the PSI-less/SCP-less/chiL™ strain, the amount of unlabeled
chlorophyll decreased, and labeled (**N) chlorophyll was syn-
thesized very slowly (about 20-fold slower than in the PSI-less/
chlL™ strain). The decrease in unlabeled chlorophyll and the
slow increase in labeled chlorophyll suggest that in the SCP-less
mutant the amount of chlorophyll precursors is greatly dimin-
ished, and tetrapyrrole biosynthesis is impaired.
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FIGURE 6. Unlabeled (**N) and labeled ('>N) chlorophyll from the PSl-less/
chiL~ and PSl-less/SCP-less/chIL™ strains upon illumination. Cells were
grown in the dark for 5 days. The cultures were illuminated after they had been
diluted with 3 volumes of BG-11 medium containing Na'°NO; and '°NH,Cl. Chlo-
rophyll was extracted from the cells for analysis at the times indicated. Open and
closed symbols represent unlabeled (**N) and labeled ("°N) chlorophyll, respec-
tively,inthe PSI-less/chiL ™ (squares) and PSI-less/SCP-less/chIL™ (triangles) strains.
Shown are the average results of two independent experiments = S.D.

A very slow synthesis of PSII in the PSI-less/SCP-less/chIL™
strain was confirmed by 77 K fluorescence emission spectra
after 24 h of illumination (Fig. 7). A peak at 695 nm corresponds

ACEVEN
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to CP47-associated chlorophyll and reflects intact PSII com-
plexes. Although in the PSI-less/chlL™ strain a significant
amount of PSII complexes was present after 24 h of illumina-
tion, in the PSI-less/SCP-less/chIL™ strain only very little 695
nm emission was observed.

The very slow chlorophyll biosynthesis and the lack of a large
amount of unlabeled chlorophyll synthesis upon illumination
of the PSI-less/SCP-less/chlL™ strain suggest that early inter-
mediates in chlorophyll biosynthesis may have been depleted.
Therefore, we wished to determine whether ALA, an early
intermediate in tetrapyrrole biosynthesis, was depleted in
strains lacking SCPs. As labeled ALA was not readily available,
PSI-less and PSI-less/SCP-less strains, carrying normal ChlL,
were grown in >N medium for 2 weeks (the culture was diluted
with fresh medium as needed) so that chlorophyll in the cells
was fully labeled. The cultures were then supplemented with 4
mMm "*N-ALA, and cells were grown for 24 h with added ALA. If
cells can readily make their own ALA, then ALA and thereby
chlorophyll will be '*N-labeled, and if cells are limited in their
ALA supply and need to utilize exogenous ALA, then newly
synthesized chlorophyll will be mostly unlabeled. Pigments
were extracted from both strains, and chlorophyll was purified
by HPLC, and chlorophyll was analyzed by MALDI-TOF. As
shown in Fig. 8, chlorophyll from both strains was fully >N-
labeled at 0 h before the ALA supplementation, as expected.
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After 24 h of ALA supplementation, during which time the
chlorophyll amount in the culture virtually doubled, the mass
spectrum of chlorophyll from the PSI-less strain showed that
the ALA wused for chlorophyll synthesis primarily was
[**N]ALA, which cells had synthesized themselves. In contrast,
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FIGURE 7. 77 K fluorescence emission spectra of Synechocystis sp. PCC
6803 cells lacking PSl and ChiL. Cells had been grown in darkness for a week
and were then transferred to continuous light (4 umol photons m~2s~ ") for
0 h (PSl-less/chIL™, dotted line; PSl-less/SCP-less/chIL™, dashed line) or 24 h
(PSl-less/chIL™, solid line; PSl-less/SCP-less/chIL™, dashed/dotted line). The
spectra were normalized to 100 at 683 nm, where phycobilisomes and some
chlorophylls emit maximally. The excitation wavelength was 435 nm. a.u.,
arbitrary units.

PSI-less
0 h ALA

newly synthesized chlorophyll from the PSI-less/SCP-less
strain was primarily unlabeled as the amounts of labeled (orig-
inal) and unlabeled (newly synthesized) chlorophyll were about
the same. These results suggest that the ALA amount is limiting
as a consequence of the SCP deletion and therefore that SCPs
appear to play an important role in the very early steps of tet-
rapyrrole biosynthesis (ALA formation).

DISCUSSION

PSII Protein and Chlorophyll Turnover—Previous work with
radioisotopes had indicated that different PSII polypeptides
differed in their lifetimes (9, 10), and work from our group had
indicated that the chlorophyll lifetime in the cell was very long
(11, 18). It is clear that careful orchestration of the synthesis,
assembly, and repair of photosynthetic complexes is required,
but until now very few data were available on the lifetimes of the
longer lived protein components, and there is little known
about how this orchestration may occur and how it is regulated.
Using stable isotope labeling combined with mass spectrome-
try, both labeled (new) and unlabeled (old) peptides can be
detected. The rate of disappearance of unlabeled peptides over
time determines the turnover rate of the proteins, and this
approach allowed an accurate and comprehensive determina-
tion of lifetimes of PSII components.

PSII complexes were isolated from PSI-less Synechocystis
cultures grown at a light intensity of 4 umol photons m~>s™",
making use of a His tag attached to the PsbB (CP47) protein.
Therefore, only polypeptides and complexes associated with
PsbB with an exposed C-terminal His tag will be detected. The
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FIGURE 8. MALDI-TOF mass spectra of chlorophyll isolated from '>N-grown PSl-less cells with (left) or without (right) SCPs that were supplemented
with "*N-ALA for 0 (top) or 24 (bottom) h. Prior to the experiment, cells were grown in "N medium, containing Na'°NO, for 10 days, and the culture was
diluted with >N BG-11 to OD,, = 0.35 at time 0. Unlabeled (**N) aminolevulinic acid was added at time 0 to a final concentration of 4 mm.
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fraction obtained after His tag affinity purification contained at
least nine PSII proteins (seven intrinsic proteins, including the
reaction center proteins PsbA and PsbD, the chlorophyll-bind-
ing proteins PsbB and PsbC, the cytochrome b, proteins PsbE
and PsbF, PsbH, and two lumenal proteins (PsbO and Psb27)).
Other PSII proteins may not have stained sufficiently well to be
detected. Moreover, a translation elongation factor, Tu
(S111099), and SIr0909 co-isolated with the PSII complex. In a
previous study, SII1099 was also seen from co-isolating with
PSII-associated His-ScpB (38). SIr0909 is a protein of unknown
function, but it is encoded about 3 kbp downstream from psbB,
and s[r0909 could possibly be co-transcribed with psbB and an
intervening gene of unknown function.

As indicated in Table 2, PSII proteins have very different
half-life times ranging from 1.5 to 33 h. Therefore, PSII proteins
(or groups of such polypeptides) turn over and are replaced
independently from each other, and the remaining PSII pro-
teins appear to be reused for assembly into a functional PSII
complex. Our results confirm the radiolabeling-based interpre-
tations of other groups (3, 4) that the rapidly synthesized D1
protein, which is the PSII polypeptide with the shortest lifetime,
is actually incorporated into PSII complexes. The fast turnover
of D1 in the PSII complex (5-20 times faster than turnover rates
of the other PSII proteins) poses a challenge for the PSII com-
plex as D1 is a central part rather than a peripheral part of the
complex. However, the lipids around the reaction center may
facilitate the replacement of damaged D1 proteins (39). The
other PSII proteins from the damaged complex may stay
together and be re-assembled around a new D1 polypeptide, or
subcomplexes may form a pool from which new complexes are
formed (40-42). In the latter case, PSII complexes may be
assembled from old polypeptides originating from different
PSII complexes.

The light intensity used for this study is relatively low (4 wmol
photons m ™25~ ') as the PSI-less strain used for these studies does
not survive at light intensities above 10 wmol photons m™ s~ ",
The turnover rate of the D1 protein increases with increasing light
intensity, and D1 has a half-life time of less than an hour (about 30
min) in wild type grown at 75 wmol photons m 2 s~ * (data not
shown). Therefore, the large change in light intensity does not
affect the D1 turnover rate by more than about a factor of 2 (log
phase cells) or 3 (older cultures) (Table 2).

The lifetime of chlorophyll in various mutant strains has
been studied earlier by means of stable isotope labeling, and
because chlorophyll is much more stable than chlorophyll-
binding proteins according to the lifetimes of chlorophyll-bind-
ing proteins estimated from the pulse-chase method, we have
suggested that chlorophyll is recycled upon degradation of
chlorophyll-binding PSII components (18). In this study, we
experimentally support the earlier interpretations by compar-
ing the half-life times of the main chlorophyll-binding proteins
in PSII (D1, D2, CP47, and CP43) (t, = 1.5-15 h) with the
half-life time of chlorophyll extracted from isolated PSII (t, =
40h) (Table 2). Therefore, chlorophyll in damaged chlorophyll-
binding proteins can be re-utilized.

SCPs and Chlorophyll Reutilization—In cyanobacteria the
SCP proteins bind chlorophyll, may associate with damaged
PSII centers, and serve as a temporary pigment reservoir,
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whereas PSII components are being replaced (19, 21, 23, 36).
We have now analyzed how SCPs affect the lifetimes of PSII
polypeptides and chlorophyll. In line with earlier observations
(18), the lifetime of PSII chlorophyll was reduced by half in the
PSI-less/SCP-less strain compared with the PSI-less strain.
However, the lifetimes of the chlorophyll-binding proteins in
PSII (D1, D2, CP47, and CP43) and of PsbH that participates in
the binding of chlorophyll remained essentially unchanged
(Table 2). This indicates that SCPs function primarily in reuti-
lization of chlorophyll and do not affect the stability of chloro-
phyll-binding proteins.

Interestingly, although the lifetimes of PSII proteins were not
changed or were decreased slightly in the SCP-less strain, the
lifetime of D1 was increased (Table 2 and Fig. 3). The longer
lifetime of D1 may have been caused by slower assembly of PSII
due to the lack of chlorophyll availability, which affects D1
translation and processing in Synechocystis (43). Chlorophyll
availability is thought to be lower in the absence of SCPs as the
rate of chlorophyll synthesis was decreased 4-fold in the PSI-
less/SCP-less strain, and the chlorophyll content per cell was
almost 4-fold less than in the PSI-less strain (Fig. 6) (18, 23).
Therefore, during the replacement of the D1 protein in the PSII
repair cycle, the proteins may be waiting for available chloro-
phylls to assemble PSII, which appears to take longer in the
absence of SCPs.

SCPs Stabilize Nascent PSII Protein Complexes—As shown in
Fig. 3, unlabeled PSII proteins (except D1 and D2) increased for
the first 3-9 h of '°N labeling if late log cultures are used and
SCPs are present. The D1 and D2 proteins did not show this
increase in unlabeled protein, excluding the possibility that
there is an extensive pool of unlabeled amino acids that remains
available for many hours after the start of labeling. Instead, the
most plausible explanation is that the increase in unlabeled pro-
tein originates from PSII proteins that were present at time 0
but that were not associated with PsbB with an exposed C-ter-
minal His tag at that time. Fig. 5 shows that the His tag-isolated
samples consist of mature PSII complexes in monomer and
dimer forms as well as RC47 (PSII without CP43) dimers and
RC47/mature PSII dimers. These complexes are in line with
what was observed previously (44, 45). However, RC47 mono-
mers were found to occur only in the presence of SCPs, suggest-
ing that SCPs can stabilize biosynthetic intermediates of PSII
complexes. Indeed, even when cells are in late log stage, in the
PSI-less/SCP-less mutant very little synthesis of unlabeled PSII
components is observed after the start of labeling (Fig. 3B),
suggesting that no significant accumulation of such PSII bio-
synthesis intermediates occurs if SCPs are absent.

SCPs have been found to be associated with PSII (21, 38).
Analysis of isolated His-tagged ScpD complexes suggests that
ScpD binds to CP47 proteins in the vicinity of PsbH, and SCPs
have been found to be associated with PSII throughout its bio-
genesis, from just CP47 proteins to monomeric PSII complexes
(21, 36). Therefore, even though SCPs do not stabilize PSII
components in mature PSII complexes (Table 2), there is sig-
nificant SCP-induced stabilization of nascent PSII complexes.

SCPs and ALA Biosynthesis—In addition, SCPs also appear to
be involved, directly or indirectly, in ALA biosynthesis. This
effect results in slow chlorophyll biosynthesis in the absence of
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SCPs (Fig. 6) and in slow generation of PSII complexes (Fig. 7).
In contrast to the PSI-less strain that does not use much exog-
enous ALA and that therefore can generate and utilize suffi-
cient internal ALA, the PSI-less/SCP-less mutant readily uses
exogenous ALA for chlorophyll biosynthesis (Fig. 8). The most
straightforward interpretation of these results is that deletion of
SCPs in the PSI-less background strain severely impairs the
ALA biosynthesis pathway. However, ALA synthesis is thought
to occur in the cytoplasm (46), and SCPs are transmembrane
proteins located in thylakoid membranes. This suggests that
the SCP-mediated regulation of ALA synthesis is not a direct
effect but rather may be influenced by intermediate events.

ALA synthesis is a tightly regulated step that is negatively
regulated by, for example, protochlorophyllide that accumu-
lates in darkness in plants (47). However, based on results of
earlier studies, there is no accumulation of protochlorophyllide
or earlier intermediates such as Mg-protoporphyrin IX in PSI-
less and PSI-less/SCP-less strains if chlorophyll biosynthesis
has not been impaired (23). However, chlorophyllide, which is
chlorophyll without the phytyl tail, accumulates as the chloro-
phyll biosynthesis rate and chlorophyll content per cell
decrease in the PSI-less/SCP-less strain (23). It is possible that
chlorophyllide, which is more hydrophilic than chlorophyll,
may serve as a signal for ALA biosynthesis enzymes to nega-
tively regulate the output of ALA, thus reducing overall chloro-
phyll biosynthesis in the PSI-less/SCP-less strain (Fig. 8).
Indeed, in plants the reduced expression and activity of chloro-
phyll synthase also has been shown to cause a feedback-con-
trolled inactivation of ALA synthesis (48).

In conclusion, stable isotope labeling (*®N), mass spectrom-
etry, and well defined mutants are a powerful combination to
provide insights in the assembly and synthesis of PSII polypep-
tides and associated cofactors; chlorophyll already is associated
with subcomplexes that are intermediates in PSII synthesis.
SCPs aid the stability of nascent PSII complexes in PSII biogen-
esis and also affect the flux from ALA through the tetrapyrrole
biosynthesis pathway to chlorophyll. This work illustrates the
multiple levels of control and regulation that pigments and
SCPs have in PSII synthesis and assembly.
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